HIF-1 is the most abundant HIF, consisting of a heterodimer of HIF-1α and HIF-1β subunits (2, 5) . Under normoxic conditions, the HIF-1α protein is degraded by ubiquitination and proteasomal degradation after hydroxylation of proline residues in the oxygen-dependent degradation (ODD) domain (6 -9) . Under hypoxic conditions, the HIF-1α protein accumulates and translocates to the nucleus where it heterodimerizes with HIF-1β to form an active transcription factor (2) . More than a hundred putative direct HIF-1 target genes have been identified, and many of these are associated with angiogenesis, invasion, and metastasis (2) . Thus, HIF-1 is an excellent marker of tumor malignancy.
Oxygen tension in tumor hypoxia
The binding of pimonidazole (Pimo), which is an injectable 2-nitroimidazole derivative and a hypoxia marker, to cellular macromolecules dramatically increases below an oxygen concentration of 10 mmHg and indicates chronic hypoxia (10) . It was recently reported that HIF-1-active regions do not overlap Pimo-bound [Pimo (+)] regions ( Fig. 1 ), but are more closely distrib-uted in blood vessels than the latter (11). Janssen et al. (12) extensively studied surgical specimens obtained from patients and reported that typical Pimo (+) regions were observed at a distance from blood vessels with peaks around 80 μm, whereas HIF-1-active regions were more variable and without clear peaks. In addition, they observed that although the median values of the positive areas were similar for both markers (Pimo and HIF-1: 5.8% and 5.6%, respectively), the median percentages of these regions were below 5%.
Gene clusters, whose expression is induced by HIF-1, encode proteins that contribute greatly to the malignant alteration of a tumor. Thus, imaging and targeting of "hypoxic cells with HIF-1 activity" has gained importance. In addition, compounds such as Pimo function at absolute oxygen concentrations (below 10 mmHg), whereas oxygen concentrations at which HIF-1 functions differ among tissue cells. This indicates that the oxygen concentrations necessary for HIF-1 activation (biological hypoxia) differ in each tissue and cell type. Therefore, sensitive recognition of hypoxic status leading to disease development by using chemical compounds that respond to absolute oxygen concentrations is difficult. Therefore, bioprobes that respond to biological hypoxia are desirable.
In vivo imaging of HIF-1-active cells
Visualization of HIF-1 activity in vivo provides useful information about the tumor microenvironment because the presence of this activity indicates the expression of HIF-1-responsive genes that cause the aforementioned dynamic changes in the cells. Several reporter genes such as those encoding β-galactosidase (β-gal), enhanced green fluorescent protein (EGFP), and firefly luciferase were used under the control of HIF-1-dependent promoters to directly monitor HIF-1 activity in vivo and in vitro (13 -17) . Among the HIF-1-dependent reporter genes, luciferase reporter genes are the most suitable for quantitative monitoring of ongoing biological processes in vivo because these genes allow imaging of bioluminescence up to several centimeters in tissues with low intrinsic bioluminescence (18) . Thus, bioluminescence imaging with remarkably high signal-to-noise ratios can be achieved. We established human cancer cell lines that have an integrated firefly luciferase reporter gene downstream of an artificial HIF-1-dependent promoter 5HRE (5HRE-Luc) ( Fig. 2A) . These cell lines express significantly higher levels of luciferase under hypoxic conditions compared with those under normoxic conditions ( Fig. 2 : B and C). When these cells are grafted into nude mice, the luciferase protein that responds to HIF-1-active cells is expressed and a visible light for a fixed period of time is produced after the substrate luciferin is administered. Bioluminescence imaging can be achieved using an in vivo imaging system (IVIS ® ; Caliper Life Sciences, Alameda, CA, USA) equipped with an ultrasensitive cooled charge-coupled device camera. Immunohistochemical analysis showed that the regions detected using anti-luciferase antibody were present at locations near the Pimo (+) regions, which in turn were located at the boundary areas between viable and necrotic regions (17, 19) . These results indicate that the cells expressing luciferase were certainly hypoxic. Thus, we successfully imaged HIF-1 activity in vivo (17, 19, 20) .
Imaging of HIF-1-active cells after xenografting
We monitored HIF-1 activity in human pancreatic cancer cells for several days after subcutaneously xenografting nude mice ( Fig. 3: A and B). HIF-1 activity in the xenografts gradually increased for 3 days after transplantation, decreased for the next 4 days, and then increased again. These data indicate that the xenografts were exposed to a hypoxic environment for several days after transplantation, and HIF-1 activity could have (see  text) . Right, a diagrammatical representation of part of a tumor cord surrounding a capillary. As the distance from the blood vessels increases, the concentration of oxygen diminishes. HIF-1-active regions are located closer to blood vessels than to the Pimo (+) regions. The Pimo (+) regions are located next to the necrotic regions and hardly express HIF-1α. Therefore, these regions have little HIF-1 activity.
contributed to the angiogenesis of the xenografts, resulting in an increase in oxygen tension in the xenografts and a decrease in HIF-1 activity. These results correlated well with the ex vivo observation of xenografts with the 5HRE-EGFP reporter gene; the number of blood vessels covering the xenografts increased 5 and 6 days after transplantation, whereas EGFP fluorescence in the xenografts decreased during that period (Fig. 3C) . Newly formed tumors at the metastatic site may be exposed to a similar microenvironment during their growth.
Imaging of HIF-1-active cells during pancreatic cancer progression
HIF-1-active cells are a driving force for metastasis in pancreatic cancer (20) . SUIT-2 / 5HRE-Luc cells (a human pancreatic cancer cell line carrying 5HRE-Luc) were grafted orthotopically into the pancreas of mice. The mice who received these grafts died due to peritoneal dissemination and ascites within 7 weeks of grafting. In the absence of this in vivo imaging system, it is not possible to observe the presence of cancer until the animals are dissected. In vivo bioluminescence imaging allows for real-time noninvasive observation of proliferation, locally invaded tumors, peritoneal dissemination, and liver metastasis of HIF-1-active cancer cells (Fig. 4) .
Fusion proteins selectively function in HIF-1-active cells
We previously reported that fusion with a part of the HIF-1α ODD domain that contains Pro-564 residue endows the fused protein with the same oxygen-dependent regulation as HIF-1α (21, 22) ; in other words, a fusion Luciferase activity in the cell lysates was measured using a luminometer (*P < 0.001). Fig. 3 . Monitoring HIF-1 activity after transplantation. A: Photon counts of bioluminescence from subcutaneous tumors were measured every day after transplantation (n = 3). B: Representative in vivo bioluminescence images of tumors with 5HRE-Luc. The photos were obtained using IVIS ® (Caliper Life Sci.). C: HIF-1 activity was visualized by green fluorescence in the tumors with the 5HRE-EGFP reporter gene. Blood vessels were visualized with AngioSense TM 680 (VisEn Medical, Bedford, MA, USA). Photos were obtained using OV100 (Olympus, Tokyo). As tumor blood vessels (dark network on the tumor surface) increased at day 5, the green fluorescent intensity (white area) indicating HIF-1 activity reduced.
protein with an ODD function that "stabilizes in HIF-1-active cells and degrades immediately in cells without HIF-1 activity" can be created. We first determined the optimal ODD region required to impart a fused protein with the ODD function by constructing a series of ODDdomain deletion mutants and fusing them to β-gal. The optimal region with the ODD function was determined by comparing β-gal activity in the cells expressing ODD-β-gal under aerobic and hypoxic conditions. When ODD 548-603 was fused to β-gal, maximum ODD regulation (hypoxia/normoxia ratio) was observed (21) . Similar results were obtained with luciferase (16) . ODD fusion proteins can penetrate the cell membrane because ODD regulation occurs in cells. The protein transduction domain (PTD), typically consisting of 8 -20 amino acids, contributes to the efficient entry of the fusion protein into cells and delivery of the fusion protein to the whole body (23) . We fused ODD 548-603 to PTD polypeptides to construct a PTD-ODD fusion protein.
The PTD-ODD 548-603 -β-gal fusion protein entered cells with almost 100% efficiency. To investigate the biodistribution and β-gal activity of the PTD-ODD-β-gal fusion protein in vivo, the protein was intraperitoneally administered to tumor-bearing mice. When PTD-β-gal was administered, protein and β-gal activities were observed in both normal hepatic and tumor tissues, whereas when the PTD-ODD-β-gal protein was administered, no protein or β-gal activity was observed in normal tissues and only partial activity was observed in tumor tissues (21) . In brief, these findings suggest that most normal and tumor tissues are sufficiently exposed to oxygen and have no HIF-1 activity and that hypoxic HIF-1-active cells exist only in certain portions of the tumor. For further examination, we stained tumor sections with Pimo and observed β-gal protein in regions similar to Pimo (+) regions. As expected, we concluded that the degradability of the PTD-ODD fusion protein is controlled in an oxygen-dependent manner, and its distribution and function have the same specificity as HIF-1α, thus making specific imaging and targeting of HIF-1-active cells feasible when the functional domain of the PTD-ODD fusion protein has both imaging and targeting functions.
Development of fusion proteins that specifically target the HIF-1-active tumor microenvironment
We developed a fusion protein, PTD-ODD 548-603 -procaspase-3 (20, 21) . The procaspase-3 domain is an inactive proenzyme form of human caspase-3 that is activated by pre-existing apoptotic signals in cells under hypoxic stress. PTD-ODD-procaspase-3 has been shown to specifically eradicate HIF-1-active hypoxic cells (17, 19 -22, 24 -26) .
Systemic administration of PTD-ODD-procaspase-3 significantly suppressed tumor growth and reduced tumor size without any apparent side effects in mice bearing subcutaneous xenografts (17, 19) . The hypoxic tumor cell-specific effect of PTD-ODD-procaspase-3 was confirmed in the aforementioned mouse orthotopic pancreatic cancer model (20) . In this model, when HIF-1-specific bioluminescence spread to the abdomen, the pO 2 levels decreased significantly. When the abdominal cavity was filled with ascites and a strong signal was detected throughout the abdomen, pO 2 of the abdominal cavity was less than 10 mmHg (20, 25) . pO 2 of the ascites was also measured and was found to be similar to that of the abdominal cavity (20) . HIF-1 activity was reciprocally correlated with oxygen tension in both the abdominal cavity and ascites. PTD-ODD-procaspase-3 significantly suppressed locally invaded tumors and metastasis of the pancreatic cancer (Fig. 4B ) and improved the survival rate (20) .
Our ultimate goal is to improve the effect of radiotherapy and chemotherapy on solid tumors by eradicating treatment-resistant HIF-1-active/hypoxic tumor cells. In fact, we recently reported that the combination of PTD-ODD-procaspase-3 and radiotherapy significantly suppresses long-term tumor growth and neovascularization (19) . This indicates that PTD-ODD-procaspase-3 targets both radiation-and hypoxia-dependent increases in HIF-1, thereby suppressing HIF-1-dependent expression of survival factors such as proangiogenic and growth factors in treated tumors. We recently analyzed a wellcharacterized animal model of bone metastases in MDA-MB-231 human breast cancer cells with PTD-ODD-procaspase-3. The results indicated that hypoxia and HIF-1 expression contributed to the development of bone metastases (26) . These results confirm that HIF-1-active cells play a crucial role in invasion and metastasis.
Conclusion
In addition to hypoxia, genetic changes in the components of the PI3K-mTOR signal pathways, in oncogene products such as ras and raf, and in tumor suppressor proteins such as von Hippel-Lindau and p53 induces increased expression of HIFα expression (2, 27) . These changes and the subsequent HIF activation are associated with malignant progression. Therefore, HIF-active cells are markers not only for hypoxia but also for the malignant potential of tumor cells. Furthermore, diseases in which HIF-active cells are involved include the 3 most prevalent disorders in developed countries, namely cancer, cardiac infarction, and cerebral infarction. The prevalence of these diseases is expected to increase in the future. Therefore, novel strategies for targeting HIF-active cells are desirable for effective treatments of these diseases.
